Abstract Bark leachate is generated from sawmill operations such as log storage sites and contains polymeric tannins, carbohydrates, organic acids, phenolic and resin compounds. The present study was aimed at assessing the performance of a sequential anaerobic and aerobic treatment, for both chemical oxygen demand (COD) and phenol removal, under various combinations of operational conditions, in the continuous mode. After anaerobic treatment in a five litres upflow anaerobic sludge bed (UASB) reactor, the leachate was directed into two parallel aerobic reactors, either an activated sludge unit or a fixed film submerged filter (packed with polyethylene Flexirings), both of a volume of one litre and oxygenated by air diffusion. For a leachate of 22 gCOD/l, an overall COD removal of 96-98% was achieved at an hydraulic residence time (HRT) of 4 days for the anaerobic reactor and one day for either aerobic systems. The phenol concentration generally increased after anaerobic treatment but was below the detection limit (50 ppb) after aerobic polishing. Radiorespirometric microcosms with 14 C-labelled phenol confirmed that phenol was mineralized in the aerobic reactors. The performances of both aerobic systems were similar for COD and phenol removal. Thus, a sequential anaerobic/aerobic treatment was able to effectively address the contamination of a bark leachate discharge, including phenols.
Introduction
Approximately 1200 tons of residual bark is generated everyday by Quebec mills (Kantardjieff and Jones, 2000) . The bark is stored in piles until disposal in landfill sites. Bark leachate is thus produced from sources related to sawmill operations such as bark storage and landfill sites. Information on bark leachate composition and treatment is lacking but it can be assumed that the leachate should be similar in composition to debarking effluents. Typical debarking effluents contain the water soluble components of bark, consisting of: polymeric tannins (30-55%), carbohydrates (30-40%), tannic and non-tannic phenol monomers (10-20%), alkaloids and resin compounds (5%) which include long chain fatty acids, resin acids, apolar phenols, and volatile terpenes (Guiot and Frigon, 1998; Field et al., 1988) . The various bark leachates tested in the study were however different from typical debarking effluents, especially in the presence of significant amounts of organic acids, representing as much as 67% of the chemical oxygen demand (COD) . The COD concentration of bark leachate can greatly vary depending on how much water (rainfall, snow) is allowed to percolate on the site (5 to 60 gCOD/l). The debarking effluent toxicity to anaerobic microorganisms has been shown in previous studies and can be related to oligomeric condensed tannins, resin and long chain fatty acids (Araki and Sotobayashi, 1998; Saunamäki and Savolainen, 1998; Field et al., 1988) . The toxicity of the bark leachate is probably lower since most of the tannins are removed from the waste bark during the debarking process.
In pulp and paper industry wastewater treatment, an anaerobic process is usually followed by an aerobic post-treatment in order to degrade compounds which are non-biodegradable anaerobically and also to eliminate acute toxicity not removed in the anaerobic treatment (Rintala and Puhakka, 1994) . Debarking effluent can be treated by anaerobic means with an autoxidative pre-treatment (Field et al., 1990) and evaporation and subsequent burning in a bark boiler (Dashlskog and Ëklund, 1995) , for example. An activated sludge treatment was able to remove 100% of the resin acids and 75-85% of the COD from a debarking effluent, but at a low load of 0.2 kgBOD/kg volatile suspended solid (VSS).d (Saunamäki and Sauvolainen, 1998) . There is a very high amount of organic contaminants in the bark leachate, making an anaerobic treatment very appropriate for their removal. On the other hand, phenol concentrations are in the ppm range, and some regulations are in place for the phenol concentration of the bark leachate discharge in the environment (20 ppb). Since it is unlikely that anaerobic treatment alone would meet the regulation standards for the phenol, an aerobic treatment would be necessary to obtain an overall efficient treatment of the bark leachate. Finally, the aerobic treatment could degrade the bark tannins and toxic compounds that are not anaerobically biodegradable. This is why the present study was aimed at assessing the performance of a sequential anaerobic and aerobic treatment of the bark leachate, under different operating conditions.
Methods

Reactor design and operational parameters
The study was performed by sequentially treating bark leachate through a 5 l upflow anaerobic sludge bed (UASB), followed by a 1 l aerobic activated sludge system or a 1 l aerobic biofilter as shown in Figure 1 . The anaerobic reactor was fed with a real bark leachate previously neutralized to pH 6.5 using NaOH 2 mol l -1 . Urea (2 g/l) and KH 2 PO 4 (0.4 g/l) were added to the leachate as supplemental nitrogen and phosphorus. The anaerobic reactor was seeded with 1.5 l of anaerobic granulated sludge from a food processing industry while the two aerobic reactors were seeded using 0.5 l of activated sludge from a municipal treatment plant. The anaerobic reactor was maintained at 35°C while the two aerobic reactors were maintained at 22°C.
Biomass specific and radiorespirometric activities
Biomass specific activities for propionic and acetic acid, hydrogen, glucose and phenol were determined in serum bottles by measuring the depletion of a given substrate, individually and under non-limiting conditions, as described in Arcand et al. (1994) . The mineralization of 14 C phenol was verified in 120 ml serum bottles equipped with a CO 2 trap and sealed with Mininert valves (Supelco, Bellafonte, PA) as detailed elsewhere (Lyew et al., 2002) . Bottles were prepared in triplicate for each biomass tested and contained: 6 and 10 ml of anaerobic or aerobic sludge respectively, 14 or 10 ml of dilution water, 10 ml of pH adjusted bark leachate and 5 mg/l of cold phenol as the sole carbon source. Such a low phenol concentration was chosen for the assay to reflect the concentration measured in the bark leachate.
Analytical methods
Gas production was measured with a water-displacement system. Off-gas was analyzed for H 2 , N 2 , O 2 , CH 4 and CO 2 on a Agilent 6890 (Agilent Technologies, Wilmington, DE) gas chromatograph (GC) coupled to a thermal conductivity detector (TCD). A sample of 300 µl of the reactor headspace was injected on a 11 m × 2 mm I.D. Chromosorb 102 packed column (Supelco, Bellafonte, PA). The column was heated at 35°C for 7.5 minutes then raised to 100°C at a rate of 75°C/minute, maintained for 6 minutes. Argon was used as the carrier gas. The injector and detector were maintained at 125°C and 150°C respectively. Phenol was determined using a HPLC (Waters, Milford, MA)) equipped with a W717 injector, a W600 pump feeding a water/acetonitrile gradient from 30 to 50% in 10 minutes at a 1 ml/min flow. The W490 detector was set at UV 210 nm and the column was a Sphereclone ODS1 250 mm × 4.60 mm × 3 m column from Phenomenex. The column was maintained at 55°C. Volatile fatty acids (VFA) were determined with a Perkin-Elmer Sigma 2000 (Norwalk, USA) GC equipped with a flame-ionization detector (FID) while glucose was analyzed using a Spectra Physics SP8100XR high pressure liquid chromatograph (HPLC) (Spectra Physics, San Jose, CA) equipped with a Polypore H column and a SP640XR refractive index detector (Arcand et al., 1994) . COD and VSS were determined according to Standard Methods (APHA et al., 1995) .
Results and discussion
Bark leachate characterization
The bark leachate used throughout this study was received in 20 l barrels and kept at 4°C upon arrival. The leachate had an acidic pH (3.4-4.3), highly variable soluble COD (12-26 g/l), high amounts of VFA and low concentrations of phenol and p-cresol. Although the phenol concentrations was much lower than for typical debarking effluent, low phenol concentration (5 mg/l) has also been noted in another work (Dahlskog and Ëklund, 1995) . A characterization of a typical bark leachate used in this study is shown in Table 1 .
Performance of the reactors
The bark leachate was neutralized with 2 mol l -1 NaOH to pH 6.5 prior to its feeding to the anaerobic reactor. Upon neutralization, a brown fluffy precipitate was formed. The components of the leachate which might be expected to precipitate with an increase of pH include: inorganic di-and trivalent cations, and alkaloids. There is also the possibility that the precipitate may remove some other components of the solution by adsorption (apolar poorly J.C. Frigon et al. 205 water soluble resins compounds and some of the tannins). The precipitation accounted for only about 3% of the total COD and appeared to have no effect on the concentration of phenol and cresols in the solutions. The pH of the leachate varied between 3.4 and 4.3. After the anaerobic reactor, pH was between 6.9 and 7.5. The final pH after the aerobic treatment was between 8.1 and 8.5. Different HRTs (Hydraulic Retention Time) were tested for both anaerobic and aerobic reactors and are included in four periods (Table 2) . For the first three periods, the anaerobic reactor was operated at an HRT around two days, while the HRT of the aerobic reactors was progressively decreased from two days to around one day. Period IV was characterized by a longer HRT for the anaerobic reactor, while maintaining an HRT of 0.8 day for the aerobic reactors. Corresponding organic loading rates (OLR) varied between 5.5 and 13.8 gCOD/l.d for the anaerobic reactor and between 1.8 and 13.2 gCOD/l.d for the aerobic reactors. The leachate COD concentration was around 20 gCOD/l except for period II (12 gCOD/l). Anaerobic degradation of phenol has been extensively demonstrated in other works (Razo-Flores et al., 1996; Fang and Zhou, 2000; Vidal et al., 2000; Tay et al., 2001) . It can be assumed that phenol degradation occurred as well in this UASB. However, the phenol concentration was always higher after anaerobic treatment than in the leachate, which suggests that anaerobic transformation of more complex molecules into simple phenolic monomers occurred. Indeed, Field et al. (1990) also observed that tannin incomplete degradation could result in phenol generation during anaerobic treatment.
Phenol was readily destroyed in the further aerobic stage, except during period III. The aerobic phenol degradation was expected since it has been shown in numerous studies with mixed populations or pure cultures (Lin and Weber, 1992; Hannaford and Kuek, 1999; Kryst and Karamanev, 2001 ). The OLR was probably too high in phase III and prevented an efficient phenol degradation by the aerobic biomass.
The COD removal performance after each step in the treatment is shown in Table 3 . COD degradation ranged from 61 to 89% in the anaerobic reactor, for corresponding OLR of 13.8 to 7.0 gCOD/l.d. This compares well to the anaerobic treatment of an auto-oxidized bark effluent which removed 98% of the biodegradable fraction of the COD but 19 to 40% J.C. Frigon et al. 206 Table 2 Change in the organics concentrations as a function of the operating conditions and the stage of the anaerobic/aerobic treatment for bark leachate
2.4 ± 0.4 11.5 ± 3.6 5.3 ± 2.3 2.0 ± 0.0 Activated sludge 2.0 ± 0.0 4.4 ± 0.9 2.9 ± 1.8 < 0.05 Aerobic filter 2.1 ± 0.1 4.1 ± 0.8 2.8 ± 1.8 < 0.05 II Bark leachate --12.2 ± 3.9 1.0 ± 0.6 Effluent Anaerobic reactor 2.5 ± 0.2 5.5 ± 3.6 2.0 ± 0.7 1.3 ± 0.2 Activated sludge 1.5 ± 0.2 2.0 ± 0.8 0.7 ± 0.2 < 0.05 Aerobic filter 1.5 ± 0.3 1.8 ± 0.7 0.7 ± 0.1 < 0.05 III Bark leachate --22.9 ± 1.0 < 0.05 Effluent Anaerobic reactor 2.1 ± 0.3 13.8 ± 3.7 8.9 ± 0.9 2.2 ± 0.5 Activated sludge 0.8 ± 0.2 13.2 ± 4.7 5.2 ± 2.9 1.0 ± 0.5 Aerobic filter 1.2 ± 0.4 11.0 ± 5.4 7.0 ± 2.3 1.0 ± 0.2 IV Bark leachate --26.5 ± 3.8 0.9 ± 0.0 Effluent Anaerobic reactor 3.9 ± 0.3 7.0 ± 1.1 2.9 ± 0.9 < 0.05 Activated sludge 0.8 ± 0.0 9.9 ± 1.7 1.2 ± 0.0 < 0.05 Aerobic filter 0.8 ± 0.0 9.9 ± 1.7 0.5 ± 0.0 < 0.05
HRT: Hydraulic retention time; OLR: Organic loading rate of the total COD (Field et al., 1990) . There was further COD degradation in the aerobic reactors (although it was not their primary purpose) for a COD removal of up to 98% for the complete treatment. The performance of both aerobic reactors were similar for COD and phenol removal. However, the activated sludge reactor seemed to react better than the biofilter under high OLR, with 42% COD removal compared to 21%.
Biomass specific activities
Specific activity tests were performed on the biomass of the anaerobic reactor to assess if there was long term inhibition by the bark leachate. Specific degradation of acetate, hydrogen and phenol by the anaerobic biomass were lower by 13, 43 and 38% respectively after three months of operation while the activity for the glucose doubled (Table 4) . This is in contrast to the work of Field et al. (1990) who showed a partial adaptation of the acetoclastic methanogens over time in a biomass treating raw bark extract. The aerobic biomass from the activated sludge system showed a comparable activity for the acetate but an activity for the phenol 20 times higher.
Phenol mineralization
The anaerobic biomass mineralized only 16% of the initial phenol in three weeks of incubation, for a total of 23% during the four months incubation (Figure 2) . A part of the low J.C. Frigon et al. 207 Figure 2 Phenol mineralization by the anaerobic and aerobic biomass mineralization performance of the anaerobic biomass can be attributed to inhibiting compounds in the leachate since the same anaerobic biomass previously washed in buffer reached 18 and 33% mineralization for the three weeks and final incubation respectively. The phenol mineralization was rapid in the aerobic systems, with 70 and 55% for the activated sludge after three weeks and the biofilter respectively, with final results at 90 and 78%. The digestion of the sludge and counting of the supernatant in the bottles was performed to obtain a complete mass balance for the phenol. By assuming that mineralization after three weeks is actually due to auto-digestion of the biomass, we obtained 7% of the radiolabeled phenol used for growth for the anaerobic biomass and 26-30% for the aerobic biomass.
Conclusions
At this stage of the research, one can already conclude that a sequential anaerobic/aerobic treatment is able to effectively address the contamination of a debarking leachate of over 20 gCOD/l, including phenolics. The anaerobic reactor was able to remove a significant fraction of the easily biodegradable COD of the bark leachate while the aerobic system acted as a polishing system in terms of COD removal. It also contributed to eliminate phenol and allow the complete system to meet the phenol concentration requirements for discharge into the environment. However, the general activity of the anaerobic biomass decreased over time, showing that there was a partial inhibition caused probably by residual tannins in the bark leachate. In order to achieve 98% COD removal, an HRT of four days was required for the anaerobic reactor, followed by a one day HRT for either aerobic system. Further work needs to be conducted in order to achieve a better performance of the anaerobic part of the treatment, in terms of lower HRT and removal of inhibition. Yet, an anaerobic treatment was still advantageous considering the high COD concentrations of the bark leachate to be treated and its significant VFA fraction.
